Hyphae of Achlya bisexualis growing on lean media orient their extension towards a source of amino acids, and also put forth branches. Micropipettes were used to generate gradients of amino acids in the vicinity of individual hyphae. Phenylalanine and methionine were the most powerful attractants : 0.04 mM amino acid in the pipette produced reorientation, and higher concentrations made the hyphae curl around the pipette and grow into its tip. Hyphae detected gradients as low as 5% across their width. Methionine and phenylalanine appeared to bind to different receptors. Local application of these amino acids also elicited the emergence of single branches, next to the pipette and on the high side of the gradient; comparison of diverse amino acids and their analogues suggested that branching and chemotropism share common receptors. By contrast, cytochalasin A and various ionophores induced branches at random sites, without receptor involvement. We propose that binding of amino acids to their receptors determines the site of precursor vesicle exocytosis, and consider possible mechanisms.
INTRODUCTION
Amino acids commonly serve as sources of nitrogen and sulphur for the growth of Achlya species, and are prominent in defined growth media (Mullins & Barksdale, 1965 ; Gleason, 1976; Kropf et al., 1984) . They are not essential : Dayal(l961 a, 6) reported that members of the family Saprolegniaceae could utilize a few inorganic sulphur sources including sulphide and thiosulphate, and that nitrogen could be supplied by acetamide or NH$. Achlya bisexualis T5, the strain used here, grows on thioglycollate plus either urea or NH,+ (Schreurs & Harold, 1988) . Nevertheless, the organisms' nutritional preferences are clear. Hyphae grown on thioglycollate plus urea extend at the normal rate but seldom branch, and therefore the mycelial mass increases much more slowly in the absence of amino acids than in their presence. Addition of amino acids to cultures of Achlya elicits profuse branching ; the hyphae also grow chemotropically in gradients of amino acids (Musgrave et al., 1977; Manavathu & Thomas, 1985) , a physiological response characteristic of oomycetes but uncommon among true fungi.
A priori, chemotropism and branching appear to be quite dissimilar phenomena : the former involved in nitrogen acquisition, the latter a response to nitrogen sufficiency. The present study grew out of the realization that chemotropism and branching are quite closely related, and has led us to see them as alternative, receptor-mediated responses to nutritional cues.
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Organism and media. Procedures for growing and maintaining Achlya bisexualis T5 were described by Kropf et al. (1984) ; zoospores for use as inocula were produced by the method of Gow et al. (1984) . Unless otherwise stated, drops of spore suspension were spread on 1 % agar plates containing one of the media listed below; the plates were incubated overnight at 23 "C.
DMA3.2 is a complete, defined medium (Kropf et al., 1984) containing salts, 10 mwglucose and a mixture of 14 amino acids (3.2 mM in total) at pH 6.5; it permits unlimited growth with extensive branching. The low-nutrient medium DMAo.06 contains salts and glucose as above plus a reduced supplement of the amino acids (0.06 mM in total). DMAo medium which contains no amino acids, was used to examine possible nitrogen sources. In these experiments, thioglycollate served as the sulphur source [0.2 or 1 mM, autoclaved before use (Schreurs & Harold, 1988) 
Growth experiments in liquid media. These experiments were performed to ascertain whether individual amino acids or analogues could serve as nitrogen sources for the growth of Achlya. DMAo medium, usually containing 0.2 mM-thioglycollate as a sulphur source, was autoclaved and the test compound was added to 1 mM after sterile filtration. An inoculum was prepared by 24 h growth from spores in DMAo.06 medium. The germlings were centrifuged, washed with DMAo, and added to 500 ml of test medium in a one-litre culture flask. Duplicate flasks of each medium were shaken for 3 d at 24 "C. The resulting mycelia were collected on pre-weighed Nuclepore filters (5 pm pore size; 50 mm diameter) and dried to constant weight over P205.
Tip extension. The procedure derives from those used to measure electric currents (Kropf et al., 1984; Schreurs & Harold, 1988) . A small plug of agar, cut from the edge of a colony growing on DMA0.06, was glued to the bottom of a measuring chamber fitted with a device to permit exchange of the growth medium. The chamber was initially filled with DMA0.06, and individual hyphae were monitored under the microscope as they began to grow off the edge of the plug. After 10 to 30 min the medium was exchanged for a modified one lacking amino acids, but supplemented with the stimulant to be tested, and extension was monitored for another hour or longer. In some experiments, the growth medium DMAo.06 was first replaced with DMAo, and medium supplemented with the stimulants to be tested was added subsequently. This procedure, which requires hyphae that had ceased extending to resume growth, proved less reproducible than the regimen calling only for a single exchange of media.
Chemotropism. This was monitored on agar plates. The compound to be tested was dissolved in DMA, and this solution was placed in a micropipette (see below). Hyphae grown overnight on DMAo.06 (1 % agar) were observed microscopically and the micropipette was placed 100 pm ahead, and 100 pm to the side, of the advancing tip (see Fig. la ). Chemotropism was scored by measuring the angle between the positions of the hyphal tip at 0 and 90 min, with 0" defined by the initial axis of growth. A deviation of 0'4" was scored as 0, with 5"-20", 20"-40" and 40"-60" scoring 1,2 and 3 respectively. A score of 4 was reserved for those hyphae that entered or curled around the micropipette tip. Positive scores indicate bending towards the micropipette ; hyphae bending away registered negative scores. In some experiments the distance between hypha and micropipette was decreased to 20 pm; the time of angle measurement was correspondingly reduced to 15 min. Micropipettes were made with a Narishige two-stage electrode puller adjusted to produce tips 10 pm in diameter. Brunchingassays: uniformjelds. To prepare the agar surface, sterile 25 mm coverslips were dipped into hot 2% DMAo.,, agar, and quickly placed in 60 mm Petri dishes; the dishes were kept in a humidified box. Hardened agar between coverslip and plastic dish held the coverslip in place for the duration of the experiment. A drop of spore suspension (2-5 pl) placed in the centre of the agar disk and incubated overnight at 23 "C produced an unbranched radial colony. To examine the response to a compound, 7ml of DMAo.06 containing a 3 m~ concentration of the supplement was pipetted onto the radial colonies which were then incubated for 5 h at 23 "C. Growth was arrested with 1.0 mM-sodiUm azide. Branching was scored (Table 1, column 3) by counting all primary and secondary branch tips, but not the main tip, in the apical 1600 pm of 20 consecutive hyphae.
Branching : gradients. Compounds tested included amino acids, cytochalasin A , ionophores and various inhibitors. The test compound was dissolved in DM& and loaded into a micropipette which was placed 20 pm away from the hypha. The longitudinal position varied between 100 pm ahead of and 800 pm behind the hyphal tip.
Reagents. Amino acid analogues, cytochalasin A, ionophores and inhibitors were purchased from Sigma or from Aldrich. Nonpolar compounds were dissolved in ethanol and diluted into DMAo as needed.
R E S U L T S
Chemotropic extension and branching are related Amino acids are involved in at least four aspects of Achlya growth and behaviour. First, they serve as chemotropic attractants. The first column of Table 1 compares, in a semiquantitative manner, the responses of growing hyphae to micropipettes filled with solutions of selected nitrogenous compounds. Fig. 1 illustrates the response to amino acids. Phenylalanine and Chemotropism and branching in Achlya 2521 methionine were especially effective; less potent attractants include glutamate and tyrosine and the amino acid analogues methionine sulphone, a-aminoisobutyric acid and ketomethionine.
Other compounds tested were only marginally effective or inert, including valine, cysteine and all the N-methylated derivatives tried, Second, under rather special conditions hyphal extension per se depends on the presence of amino acids. In the course of their studies on transcellular electric currents in Achlya, Kropf et al. (1984) noted that, when the growth medium was replaced by one lacking the amino acid mixture, extension ceased within 1 to 2min but resumed when amiyo acids were restored. Individual amino acids were screened for their ability to substitute for the amino acid mixture; as shown in Table 1 , column 2, those amino acids that were effective in this respect were also attractants, and vice versa. It seems reasonable to regard the stimulation of tip extension by amino acids as an expression of chemotropism in the absence of a spatial gradient.
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Table 1. Responses of Achlya bisexualis to amino acids
The procedures used are described in Methods. Chemotropism was assessed on agar with the micropipette placed 100 pm ahead and 100 pm to the side of an advancing tip. The first number is the chemotropic score, as defined in Methods. The number in parentheses is the concentration (a) of the chemoattractant in the micropipette at which the chemotropism was strongest. Extension was monitored on tips growing from an agar plug into liquid medium (Y, extension occurred; N, no extension occurred). Branching was assessed on agar-coated coverslips; primary and secondary branch tips were counted in the apical 1600pm of 20 consecutive hyphae. Growth is expressed as mg dry weight per 500ml of growth medium; ND, not done. Third, amino acids induce branching. Unexpectedly, the efficacy of various nitrogenous compounds as inducers of branching over a period of hours paralleled their potency as chemotropic attractants on a time-scale of minutes (Table 1 , column 3). The two rankings, while similar, did not coincide. For instance, arginine was a poor attractant but a good inducer of branching; conversely, methionine was an excellent attractant but only a fair branching agent.
Finally, many of the same compounds were tested for their ability to serve as nitrogen sources, as judged by biomass production in liquid medium (thioglycollate was the sulphur source). Though the resulting list (Table 1 , column 4) overlaps the others, it is clear that neither orientation nor branching correspond precisely to nutritional utility. In general, amino acid mixtures were superior to any single amino acid as a source of nitrogen. Beyond this, some compounds that supply nitrogen elicited neither chemotropic extension nor branching (urea, NH3), while others that did elicit branching as well as oriented growth did not serve as sources of utilizable nitrogen (ketomethionine, a-aminoisobutyric acid, methionine sulphone).
The relationship between oriented extension and branching was most clearly displayed when both were induced under the same conditions. When the micropipette, containing test substances at 0.2 mM or 1 mM, was positioned 20 ym from the advancing tip, hyphae responded to attractants within 5 to 10 min. A little later (10-30 min) they put forth one or more branches from just behind the apex (Fig. 1 d) . The branches invariably emerged from the side of the hypha closest to the pipette (n > 50) and grew straight towards the pipette, often entering its tip. The strongest attractants, phenylalanine and methionine, induced a branch every time ; weaker ones, methionine sulphone, tyrosine and /?-phenylpyruvate, induced branches sometimes ; and indifferent substances, glutamate, arginine, a-aminoisobutyrate, urea and thioglycollate, produced no branches. 
Separate receptors for methionine and phenylalanine
When hyphae were grown on medium supplemented with phenylalanine (0.2 mM) they responded to micropipettes filled with methionine (0.2 mM), reorienting and branching as usual, but ignored 0.2 mM-phenylalanine. By the same token, hyphae grown on medium supplemented with methionine reoriented normally when presented with phenylalanine (they also branched sometimes, but not always) but ignored methionine (Fig. 2) . We infer that methionine and phenylalanine bind to separate sites or receptors.
Responsiveness
In order to estimate the sensitivity of Achlya to amino acid gradients, hyphae were challenged under standardized conditions (legend of Fig. 1 ) with micropipettes containing a range of concentrations of phenylalanine or methionine. As little as 0.04 mM (in the pipette) produced a W . J . A 
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marked reorientation. From the equations published by Shimkets et al. (1979) , and assuming that near-steady-state conditions prevail at the time the hypha reorients, we estimate that less than 5 p~ of either amino acid elicits a detectable response. Given a hyphal diameter of 10 pm, the organism can detect a gradient of 5-10% across its width. Hyphae respond to attractants over a remarkably wide range of concentrations. Micropipettes containing 0.04 mM-phenylalanine elicited a response as described above, but hyphae also grew vigorously towards one with 100 mM of the amino acid. This is surprising since one would expect receptors on both sides of the hypha to be saturated at this high concentration. The same result was obtained with methionine (data not illustrated). Hyphae grown on medium supplemented with 1 mw-phenylalanine could still respond to phenylalanine gradients (30 mM or more in the micropipette), but the degree of bending was much diminished.
Local branches were induced over the same range of amino acid concentrations, with the responsive zone extending over the entire hyphal anterior. Branches could be induced at any position over the apical 500 pm, though the frequency of success fell off beyond 200 pm behind the tip. A broad bulge usually preceded emergence of a branch; the new initial arose near the centre of the bulge, and grew straight towards the micropipette tip (Fig. lc) .
Chemotropism and branching have no special calcium requirement
In order to determine whether calcium ions play a special role in reorientation or initiation of hyphal tips, hyphae were grown on agar plates containing known amounts of free Ca2+. Extension and diameter were normal at Ca2+ concentrations above 1 0~~; below that level hyphae grew more slowly, and there was little growth below 1 pw. At all calcium concentrations that supported extension, hyphae responded to phenylalanine or methionine (0-2 mM in micropipette) by reorientation and branching in the normal manner. Lanthanum ions also had no differential effect. Advancing tips were flooded three times with a solution of LaC13 (0.4 mM) by pressure-driven expulsion from a micropipette. This concentration was sufficient to thin the tip but not to halt its extension. Despite the presence of La3+, tips reoriented when presented with phenylalanine. We conclude that the calcium requirements of chemotropism and branching are no higher than those of extension itself.
Efects of cytochalasin A
We have previously reported that cytochalasins, as well as calcium ionophores and several protonophores, induce profuse branching in Achlya . Cytochalasins are thought to block microfilament elongation (Cooper, 1987) and may offer clues to the role of these structures in the orientation and initiation of hyphal tips.
Cytochalasin A, when presented through a micropipette, did not elicit a chemotropic response. It also did not inhibit chemotropism to amino acids. When advancing tips were flooded with solutions of cytochalasin A (2-1 or 6.3 pw in 0. 15%, v/v, ethanol) , the tips thinned but continued to elongate (ethanol alone had no such effect). When challenged with a micropipette containing phenylalanine (0.2 mM, plus cytochalasin A at the test concentration) they responded by reorientation and (sometimes) localized branching. It appears that branching and chemotropism are not more cytochalasin-sensitive than extension itself.
When the hyphae were exposed to higher concentrations of cytochalasin A they branched, but in a random rather than localized manner. Fig. 3 documents that the branches induced by a micropipette positioned behind the apex emerged all along the hypha, above and below the pipette. Experiments were conducted with hyphae growing in either DMAo.06 or DMA3.2, and with the micropipette placed in diverse positions from 100 pm ahead to 800 pm behind the tip. In no instance did we observe spatial correspondence between the source of the inhibitor and the locus of branching. The calcium ionophore A23 187 and the protonophores 2,4-dinitrophenol and tetrachlorosalicylanilide likewise induced branches at sites remote from the pipette (data not shown).
Since these reagents also stopped extension of the hyphae, we considered the possibility that random branching may be a nonspecific response to inactivation of an extant tip. Two sets of findings argue against this interpretation. First, various inhibitors, when carefully applied to the apical region with a micropipette, halted extension but induced little branching or none at all [oligomycin, antimycin A, dicyclohexylcarbodiimide in ethanol at 100 p~ in the pipette ; sodium azide, 10 mM ; ethanol, 2-5 %, v/v ; and the crosslinking reagent 3,3'-dithiobis(su1phosuccinimidy1 propionate), 30 m~] .
Evidently the intensity of branching is not simply a consequence of tip inhibition, but varies with the reagent applied. Second, branches almost always emerged, not while the inhibitor was present, but some time after the source had been removed and the hypha was recovering. When, for example, cytochalasin A was applied continuously for up to 3 h, no branches were seen; numerous branches appeared 60-90 min after removal of the pipette, when cytoplasmic streaming had begun again. (In the liquid medium employed by Harold & Harold, 1986, cytochalasin was presumably removed by adsorption to the plastic dish.) We conclude that branching induced by cytochalasins is not receptor-mediated. It is also not a consequence of generalized inhibition but of a particular perturbation, possibly related to streaming.
DISCUSSION
Branch formation and oriented extension would appear to be quite distinct modes of growth. Our chief conclusion is that they are, in fact, related and complementary responses that a hypha can make to the appearance of amino acids in the environment. When individual amino acids and analogues were compared, their potency as chemotropic attractants and as inducers of branching ran parallel; methionine and phenylalanine were especially effective by both criteria. Since Achlya hyphae extend by apical growth, chemotropism can be expressed only by reorientation of the tip. Branches, by contrast, could be elicited at any point on the hyphal
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anterior by the localized application of amino acids. The simplest interpretation of our results is that methionine and phenylalanine are recognized by distinct receptors, scattered over the hyphal surface. Activation of receptors located in the apical zone guides the tip; activation of receptors in the subapical zone or along the hyphal trunk initiates a localized branch. It should be emphasized that this is a hypothesis:
we have yet to demonstrate the existence of receptor proteins, and cannot exclude the possibility that receptors for chemotropism and branching are distinct proteins with similar specificities.
The receptors postulated above must be capable of measuring a gradient of amino acid concentration. A growing tip of Achlya could conceivably use temporal measurements on a timescale of minutes to orient itself in a gradient but this cannot apply to the hyphal trunk because extension is confined to the apical zone. Consequently, the finding that branches emerging in response to stimuli applied to the hyphal trunk do so on the high side of the gradient, indicates that Achlya measures the gradient in space rather than in time. The sensitivity of the response is considerable: Achlya can detect a gradient of approximately 10% across the width of a narrow hypha (10 pm); wider hyphae respond to even shallower gradients. The hyphae also respond to a surprisingly broad range of amino acid concentrations; this may be an indication that the receptors are mobile in the plasma membrane and accumulate on the high side of the gradient (Hewitt, 1978) .
The connection between chemotropism and branching came as a surprise to us, but had been foreshadowed by previous investigations. The hormone antheridiol induces male hyphae to produce sexual branches that extend chemotropically towards the source of the hormone; the branches emerge on the side facing the source (illustrated in Barksdale, 1969) . Applied electric fields also induce both oriented extension of the hyphal tip and branching, with branches emerging on the side favoured by the tips (McGillivray & Gow, 1986; W. J. A. Schreurs & F. M. Harold, unpublished observations). This constellation of phenomena suggests that the parallels between branching and tropism go beyond common signal receptors : reorientation of an existing tip and generation of a new one seem to have elements of mechanism in common.
Both the extension of an existing tip and the creation of a new one require the localized exocytosis of Golgi vesicles, carrying enzymes or precursors for wall synthesis (reviewed by Trinci, 1979; Gooday, 1983; Wessels, 1986; McKerracher & Heath, 1987) . Fig. 4 illustrates our proposal that amino acid receptors localize the exocytosis of these vesicles. It is not known how exocytosis is confined to the hyphal apex, but reorientation of the direction of extension requires only that the locus of exocytosis shifts slightly towards the high side of the gradient. We propose that this shift is a consequence of the differential activation, or redistribution, of receptor proteins in a gradient of methionine or phenylalanine. Exocytosis and extension as such do not require that receptors be occupied, for hyphae can extend for a time in the absence of amino acids (Thiel et al., 1988) . Amino acids only modulate the site of exocytosis, and possibly its rate. Extrapolating the argument to branching, we propose that binding of amino acids to receptors situated along the trunk causes local activation and/or redistribution of the receptors. Branches are initiated when the local effect is strong enough to induce localized exocytosis of precursor vesicles.
How could the location of occupied receptors determine the site of exocytosis? One hypothesis, drawn from our earlier research on transcellular electric currents, proposes that a signal is transmitted across the plasma membrane by a localized flux of protons. Supporting arguments include the findings that electric current flows into the apical region; that it probably represents uptake of amino acids (especially methionine) by symport with protons; and that a new zone of inward current often precedes the emergence of a branch and predicts its location (Kropf et al., 1983 (Kropf et al., , 1984 Gow et al., 1984; Kropf, 1986; Schreurs & Harold, 1988; Gow & Gooday, 1987) . We are wary of this hypothesis, despite its plausibility, for two reasons. One is the mounting evidence that electric currents report the localization of transport systems for ions and nutrients, but serve no obligatory physiological function (Schreurs & Harold, 1988 ; Harold & Caldwell, 1990) ; the other is that all attempts to induce localized banching by the local application of acid or of protonophores were unsuccessful. A local flux of Ca2+ ions also seems unlikely on the basis of the experiments outlined in this paper. An alternative hypothesis, based on the literature of chemotaxis in eukaryotic cells (Devreotes & Zigmond, 1988) , holds that the receptors communicate with the cytoskeleton; perhaps the cortical actin meshwork hinders the random exocytosis of vesicles, and association of amino acids with their receptors elicits its local disruption. This would make bulging of the tip and initiation of a branch analogous to the extension of pseudopods, which are thought to develop where the cytoskeleton has been weakened or disrupted in response to an environmental stimulus. Cytochalasins would bypass the receptors but elicit analogous changes in cytoskeletal organization at random sites, initiating delocalized exocytosis.
